A meta-analysis can be defined as an exhaustive, objective, quantitative, systematic review of the best available evidence addressing a specific question. In practice, this means that most meta-analyses in medical research involve the summary, presentation and quantitative combination of the results of all relevant randomised trials.
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Meta-analyses have had an important impact on oncological practice, for example in the adjuvant treatment of women with early breast cancer (Early Breast Cancer Trialists' Collaborative Group, 1992a, and b) , and in providing the basis for designing further trials, for example in the treatment of women with locally advanced ovarian cancer (Advanced Ovarian Cancer Trialists' Group, 1991) .
Nevertheless, the use of meta-analyses is still the subject of some controversy. Current issues include the following. Is a meta-analysis a purely objective and mechanical exercise? Should some allowance be made for the quality of each trial? What is the definition of a good meta-analysis? What does the overall result from a meta-analysis mean? Here we offer a practical approach, giving the principal reasons for performing a meta-analysis, discussing tricky issues in the design, conduct and analysis, and giving some advice on the appropriate interpretation of the results of meta-analyses.
As illustration, we consider two published examples of meta-analysis in oncology. These are both taken from publications describing a number of meta-analyses which address questions in the treatment of women with early breast cancer (Early Breast Cancer Trialists' Group, 1992a, b) and advanced ovarian cancer (Advanced Ovarian Cancer Trialists' Group, 1991) .
Example 1: Adjuvant chemotherapy in early breast cancer The first randomised trial of surgery plus CMF chemotherapy (cyclophosphamide, methotrexate and 5-fluorouracil) vs surgery alone in women with early breast cancer was reported in 1976 by Bonadonna and colleagues (Bonadonna et al., 1976) . Over the next 10 years numerous trials were performed, all addressing this same question and, in 1988, a meta-analysis of all randomised trials was published (Early Breast Cancer Trialists' Collaborative Group, 1988) . Updated results of this meta-analysis were published in 1992 (Early Breast Cancer Trialists' Collaborative Group, 1992b) and an adapted version of these results is reproduced in Figure 1 .
Using the most straightforward method of analysis (fixed effect method -see analysis section) the combined pooled hazard ratio (HR) across trials is shown by the diamond underneath each set of trials. The centre of the diamond gives the overall estimated effect combined across the set of trials and the ends of the diamond give the 95% confidence interval for this estimate. Notice that in this example there are three such combined estimates, the first for trials using CMF, the second for trials using CMF with extra drugs, the third for both sets of trials. It can be seen that the overall pooled hazard ratio is 0.82, which indicates an 18% reduction in death rate associated with the use of CMF (95% confidence interval: 11% to 25%). It should be noted that, in the analyses presented in the paper, annual odds ratios were used and reported. However, when the number of deaths in each year is relatively small, the annual odds ratio is an estimate of the hazard ratio.
Example 2: Carboplatin vs cisplatin in locally advanced ovarian cancer
The first randomised trial comparing single-agent carboplatin with single-agent cisplatin in women with locally advanced ovarian cancer was started in 1981 (Wiltshaw et al., 1985) . Over the next 10 years a further ten trials were performed comparing these same drugs as either single agents (two further trials) or in combination with other drugs (eight trials). In 1991 a meta-analysis of these 11 trials was published (Advanced Ovarian Cancer Trialists, Group, 1991) . The results of this meta-analysis are slightly adapted and reproduced in Figure 2 . The overall hazard ratio of 1.06 suggests an estimated 6% increase in the relative risk of death with carboplatin. However, the confidence interval (95% confidence interval -6% to + 16%) and the P-value indicate there is no good evidence that either cisplatin or carboplatin is better.
Why do we need meta-analyses?
The main reason for performing meta-analyses is simple: conclusions on the relative merits of different treatments should be based on the evidence available from all relevant randomised trials. Unfortunately, it is all too common for individual 'well-publicised' trials, which have produced the most striking results, to be emphasised. Thus, in the early breast cancer example (Figure 1 ) it would be tempting, but inappropriate, to emphasise trials 79E and 80F above all the other trials of CMF just because they produced the most positive and statistically significant results (Gotzsche, 1987 (Parmar and Machin, 1995) . Under the assumption that there is no difference between the two arms, 0-E should differ only randomly from zero. [Similarly the total (0-E)) should also differ only randomly from zero.] The statistic V, the variance, is a measure of the information contained in the trial. So, the trial labelled 73B, with V = 54.5, has almost 11I times more information than the trial labelled 80J with V = 5. Figure 1 These examples also show that to distinguish reliably between a moderate effect and no effect is difficult, often requiring the observation of at least 500 events in a two arm trial. This in turn will usually require many thousands of patients to be randomised. While we can hope that some such trials are performed, in many circumstances such numbers of patients can be achieved only through a meta-analysis. (Stewart and Clarke, 1995) . This would include eligibility criteria for trials, the need for each trial to be properly randomised, a statement of which trials will be considered together in the analysis and which subgroups will be investigated to test for treatment interactions.
Conduct
A meta-analysis is usually initiated by performing a computerbased literature search (Dickersin et al., 1994) , which may or may not be supplemented by other methods of searching for trials. The results of each published randomised trial are then summarised and combined. Many researchers only use summaries of data extracted from easily identifiable published reports as the basis for their conclusions (Gregory et al., 1992; Himmel et al., 1986) . However, recent evidence suggests that sometimes this 'quick and dirty' approach can give misleading results. Biases can arise from a number of different sources in such literature-based meta-analyses. For example, the inclusion of trials which purport to be properly randomised but which in fact are not; the exclusion of trials which remain unpublished (publication bias), and the unavailable data from published analyses which inappropriately excluded some patients. A particular problem in oncology is that trials often report early data with relatively little follow-up, making long-term results unreliable. In a literature-based meta-analysis it is usually Hazard ratio HH-yE2754- At the other extreme, all individual patient data from all randomised trials can be collected, checked and reanalysedan individual patient-based meta-analysis. In this approach, a hugh effort is necessary to identify and obtain data from all trials, both published and unpublished, and to obtain the data (Stewart and Clarke, 1995 (Stewart and Parmar, 1992) . A literaturebased meta-analysis included 739 patients from eight published trials with a median follow-up of 3.5 years, while the patient-based meta-analysis included 1339 patients from 11 trials with a median follow-up of 6.5 years. The literaturebased meta-analysis gave an estimated absolute improvement in 30 month survival of 7.5% (from 25% to 32.5%) with a Pvalue of 0.03; while the patient-based meta-analysis gave an estimated improvement of 2.5% (from 25% to 27.5%) with a P-value of 0.30. Thus the literature-based meta-analysis not only provided a 'statistically significant' result but also gave an estimated treatment effect which was three times that obtained for the patient-based analysis. When balanced against other factors such as toxicity, quality of life and cost, the clinical interpretation of these two meta-analyses could be quite different. This is only one example, but it shows that in certain circumstances the conclusions from the two extremes of metaanalysis can differ considerably, although perhaps not always in the direction seen in this example. These possible differences become increasingly important when practical issues are considered. A literature-based meta-analysis will typically take no more than a few months to perform, while a patient-based analysis will often take over 2 years to complete (Stewart and Clarke, 1995 Group, 1992a) . A patient-based meta-analysis of adjuvant radiotherapy for small-cell lung cancer showed that those under the age of 55 showed the largest benefit while those above the age of 70 probably achieved little or no benefit (Pignon et al., 1992) . Some argue (Simon, 1987) 
Analysis
Both examples discussed earlier use the fixed effect model, which is the most straightforward and easiest to understand method of analysis. However, the appropriate method of analysis is far from agreed, and some argue that a random effects model is a more appropriate way to analyse the data. To illustrate the difference between the methods consider the hypothetical example in Figure 3 . This shows two trials comparing a new treatment with a control with totals of 100 and 400 deaths in them. As for the data in the breast and ovarian cancer examples, survival-type analysis was used to analyse these data. However, to aid understanding, under some simple assumptions (proportional hazards) the hazard ratios correspond to an estimated absolute improvement in survival of 20% (from 50% to 70%) in trial A and 5% (from 50% to 55%) in trial B when the control group survival is 50%.
As before the results of these two trials combined are represented by the diamonds at the bottom of the plot. The two diamonds represent the results for the two principal methods of analysis-the fixed effect model (Peto, 1987) , and random effects model (Dersimonian and Laird, 1986 ). In the simplest fixed effect model the (O-E)s and Vs for the trials are summed to obtain the combined 0-E and V respectively. In this approach the contribution of each trial to the combined estimate is proportional to the amount of information in it. Thus, for example, Trial B contributes 80% (100/125) of the information (remember that V provides an estimate of the amount of information). This is an intuitively appealing weighting scheme. With this model, however, no allowance is made for any between-trial variability, only within-trial variability is considered. In particular, in the example no allowance is made for the fact that estimated survival difference in trial A is 20%, whereas in trial B it is only 5%. A test for statistical heterogeneity between these two results gives a Pvalue of 0.02 (x21 = 5.24), suggesting more than chance variation between the results. The random effects model explicitly allows for this variability by considering these two trials to be a random sample from all possible trials. In consequence, in the example the confidence interval for this combined estimate is much wider than, in fact, the confidence intervals for either trial. This difference is reflected in the fact that the amount of information for the combined result is only 14.5 (compared with 25 and 100 for the individual trials). However, the estimate for the combined effect of 0.69 is similar to that from the fixed effect model of 0.77. It is common to find that the estimates from the two approaches are similar, but in the presence of statistical heterogeneity the confidence interval for the random effects estimate will be much wider than the confidence interval for the fixed effect estimate. If there is little or no statistical heterogeneity between trials then both models will produce similar results.
There are strong proponents of both approaches. Those in favour of the random effects model argue that it formally allows for between-trial variability, that the fixed effects approach unrealistically assumes a single effect across all trials and that the fixed effect model can overemphasise the result because it does not allow for between-trial variability. Those in favour of the fixed effect approach argue that the random effects model is using a statistical model to address a clinical problem. In particular, that it gives no insight into the source of between trial variability. Further, the trials are not a random sample-they are in fact all the trials that have been performed.
The chi-square test for statistical heterogeneity is not very powerful and will generally produce 'significant' results only when there is gross heterogeneity between the results of individual trials. As we have said, we expect clinical heterogeneity between trials, because of differing protocols, treatments, patients etc., and this will be true irrespective of whether the statistical test for heterogeneity is significant. If statistical heterogeneity is observed, then this should be the basis for investigating the possible explanations (Thompson, 1994) . For example, perhaps the treatments are sufficiently different and can be split into less heterogeneous groups; perhaps dose or duration of treatment is the source of the heterogeneity; or perhaps it has something to do with the characteristics of the patients in the different trials. If a source of heterogeneity is found, the trials can be subdivided according to the appropriate characteristic and separate analyses can be made. In particular, if there is such heterogeneity, we may be able to approach answering questions such as which treatments perform best or which type of patients will benefit most from a particular treatment. Modelling such heterogeneity using the random effects approach is effectively throwing away valuable information.
In the search for the clinical source of statistical heterogeneity, there is likely to be some post hoc reasoning in the explanation, so that only cautious conclusions should be drawn after such data-delving. Nevertheless, the aim should be to minimise statistical heterogeneity within a comparison, so that it becomes almost irrelevant which model is used. Heterogeneity can be investigated fully only when data on individual patients are available, particularly when the end point is the time to an event. It is unlikely that in a literature-based meta-analysis all reasonable possible sources of heterogeneity can be investigated.
Interpretation
The patients included in randomised clinical trials are inevitably a selected subpopulation (Begg and Engstrom, 1987) of those patients with the disease and the true treatment effect is likely to vary in different situations, for example, with different types of patients. Thus, when extrapolating the results of a meta-analysis to different types of patients, biological reasons for possible differences both in size and direction of effect need to be considered. However, unless there is good evidence for differences of effect in different subgroups within the meta-analysis, the overall average estimate available is the best summary of the results of these trials, and because of the clinical heterogeneity of the trials, it is also perhaps the best estimate of the effect in the general population. The overall results of a meta-analysis therefore provide the best summary on the main end points from which each clinician, together with the patient, can assess the relative merits of different treatments.
The issue of what benefit is clinically worthwhile is clearly a subjective decision, likely to be influenced by factors such as the country, speciality of the clinician, patient-specific factors such as age and stage of disease, quality of life considerations and cost of the new treatment. For example, it is quite likely because of cultural differences that clinicians in the USA would accept a much smaller benefit to use toxic chemotherapy than clinicians in the UK (Parmar et al., 1996) . It is also likely that oncologist may accept smaller benefits as an indication to offer chemotherapy than, for example, their surgical colleagues. In some countries the cost of some new therapies may be so prohibitive that it is impossible to give a new treatment unless the observed effect is enormous, which is very unlikely.
An important consideration must also be the appropriate interpretation of any survival benefit. For a number of good reasons survival differences between treatments are measured on a relative (the hazard ratio) scale. However, to aid interpretation they should also be presented on the absolute scale (Bobbio et al., 1994 with purports to show a benefit. In doing this we must be aware of the possibility of extracting data-dependent results and choosing the most extreme trials to make a point. By contrast, substantial uncertainty may remain after a null result because the confidence interval is wide and worthwhile effects cannot be ruled out. In this case further large prospective trials randomised may be required before the issue is resolved.
Conclusion
Often a number of randomised clinical trials which address the same or similar question are performed. There is a scientific and ethical obligation to summarise and present this information in an objective and quantitative manner. It will usually be possible to summarise the overall results on a few main end points in the form of a meta-analysis. Such a summary provides the firmest basis on which to assess the relative merits of competing therapies on end points such as survival or disease-free survival. To ensure an unbiased and complete summary it may be necessary to collect individual patient data from every relevant trial. In some cases a metaanalysis using data extracted from published reports may be sufficient and it certainly is a useful first step given the length of time it can take to collect individual patient data. Whichever approach is adopted it should be noted that a meta-analysis provides only a summary of the effect of treatments on some main end points and that neither individual trials nor meta-analysis provide prescriptions for how individual patients should be treated. Nevertheless, the clinical heterogeneity in a meta-analysis is likely to mean that the results are of more practical value than those of any individual trial. Issues such as the clinical relevance, appropriate extrapolation to individual patients, toxicity and implications on quality of life and cost of the treatment cannot easily be addressed within the meta-analysis. Currently, these have to be assessed in detailed local, regional or perhaps national studies. In this sense the meta-analysis acts only as one, although essential, source of information.
